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The study of materials and their surfaces under extreme conditions is fundamental to
their functions and to control of properties. In order to visualize the changes in the
structure, we have advanced ultrafast electron microscopy (and diffraction) to a new
level. The electron pulses typically have an energy of 30 keV for diffraction and 100-200
keV for microscopy, corresponding to speeds of 33-70% of the speed of light. The
atomic-scale resolution is achieved with a time resolution of femtoseconds, as reported
in the publications; attosecond resolution has also been described therein. Such
attosecond electron pulses are significantly shorter than those achievable with extreme
UV light sources near 25 nm (~50 eV) and have the potential for applications in the
visualization of ultrafast electron dynamics.

A number of variant techniques of 4D Ultrafast Electron Microscopy (UEM)
imaging have been reported including 4D tomography, sub-particle imaging, electron
energy-loss spectroscopy, and photon-induced near-field microscopy, the PINEM effect.
Publications of research at Caltech were reported in Science, Nature, JACS, JPC,
ChemPhysChem, PNAS, Nano Lett., and Angewandte Chemie.

The applications of 4D UEM (and diffraction) are numerous, and we have
successfully reported, using direct imaging, the atomic-scale of molecular nanocrystals,
the phase transition in metal-insulator transitions, the embryonic crystallization following
extreme melting, the discovery of nanogating in quasi-1D materials, and the nature of
interface electric fields for free nanoparticles and nanoparticles on surfaces. We also
reported on the theoretical foundation for the phenomena, and research continues in
these new directions. Recent highlights are published as overviews and reviews in
Science (Review), Accounts of Chemical Research (Review), Scientific American, and in
a book.

Archival Publications (published) during reporting period:

1) A. Yurtsever and A. H. Zewail, “Kikuchi Ultrafast Nanodiffraction in Four-
Dimensional Electron Microscopy,” Proc. Natl. Acad. Sci. U.S.A. 108, 3152
(2011).

2) S. T. Park, D. J. Flannigan, and A. H. Zewalil, “Irreversible Chemical Reactions
Visualized in Space and Time with 4D Electron Microscopy,” J. Am. Chem. Soc.
133, 1730 (2011).
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3) O-H. Kwon, V. Ortalan, and A. H. Zewail, “Macromolecular Structural Dynamics
Visualized by Pulsed Dose Control in 4D Electron Microscopy,” Proc. Natl. Acad.
Sci. U.S.A. 108, 6026 (2011).

4) J. S. Baskin, H. S. Park, and A. H. Zewail, “Nanomusical Systems Visualized and
Controlled in 4D Electron Microscopy,” Nano Lett. 11, 2138 (2011).

5) S. Schafer, W. Liang, and A. H. Zewail, “Primary Structural Dynamics in
Graphite,” New J. Phys. 13, 063030 (2011).

6) O. F. Mohammed, D.-S. Yang, S. K. Pal, and A. H. Zewail, “4D Scanning
Ultrafast Electron Microscopy: Visualization of Materials Surface Dynamics,” J.
Am. Chem. Soc. 133, 7708 (2011).

7) V. Ortalan and A. H. Zewail, “4D Scanning Transmission Ultrafast Electron
Microscopy: Single-Particle Imaging and Spectroscopy,” J. Am. Chem. Soc. 133,
10732 (2011).

8) S. Schafer, W. Liang, and A. H. Zewail, “Structural Dynamics of Nanoscale Gold
by Ultrafast Electron Crystallography,” Chem. Phys. Lett. 515, 278 (2011).

9) S. Schafer, W. Liang, and A. H. Zewail, “Structural Dynamics of Surfaces by
Ultrafast Electron Crystallography: Experimental and Multiple Scattering Theory,”
J. Chem. Phys. 135, 214201 (2011).

10)S. T. Park and A. H. Zewalil, “Enhancing Image Contrast and Slicing Electron
Pulses in 4D Near Field Electron Microscopy,” Chem. Phys. Lett. 521, 1 (2012).

11) A. Yurtsever, R. van der Veen, and A. H. Zewalil, “Sub-particle Ultrafast Spectrum
Imaging in Electron Microscopy,” Science 335, 59 (2012).

12) R. M. van der Veen, O-H. Kwon, A. Tissot, A. Hauser, and A. H. Zewalil, “Single-
Nanoparticle Phase Transitions Visualized by Four-Dimensional Electron
Microscopy,” Nature Chem. 5, 395 (2013).

13) R. M. van der Veen, A. Tissot, A. Hauser, and A. H. Zewail, “Unusual Molecular
Material Formed Through Irreversible Transformation and Revealed by 4D
Electron Microscopy,” Phys. Chem. Chem. Phys. 15, 7831 (2013).

14)S. T. Park, A. Yurtsever, J. S. Baskin, and A. H. Zewail, “Graphene-Layered
Steps and their Fields Visualized by 4D Electron Microscopy,” Proc. Natl. Acad.
Sci. U.S.A. 110, 9277 (2013).

15)H. Liu, O-H. Kwon, J. Tang, and A. H. Zewalil, “4D Imaging and Diffraction
Dynamics of Single-Particle Phase Transition in Heterogeneous Ensembles,”
Nano Lett. 14, 946 (2014).

16)S. T. Park and A. H. Zewalil, “Photon-Induced Near-Field Electron Microscopy:
Mathematical Formulation of the Relation Between the Experimental
Observables and the Optically Driven Charge Density of Nanoparticles,” Phys.
Rev. A 89, 013851 (2014).

17)W. Liang, G. M. Vanacore, and A. H. Zewalil, “Observing (Non)Linear Lattice
Dynamics in Graphene by Ultrafast Kikuchi Diffraction,” Proc. Natl. Acad. Sci.
U.S.A. 111, 5491 (2014).

18) U. Lorenz and A. H. Zewalil, “Observing Liquid Flow in Nanotubes,” Science 344,
1496 (2014).

19) E. Najafi, T. D. Scarborough, J. Tang, A. H. Zewalil, “Four-Dimensional Imaging
of Carrier Interface Dynamics in p-n Junctions,” Science 347, 164 (2015).

Some Recent Reviews & Books:

1) A. H. Zewalil, “Dreaming the Future,” Chem. Eng. News 89, 17 (2011); The
Priestley Medal Address.
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2) A. H. Zewalil, “4D Electron Microscopy,” Science (Review) 328, 187 (2010).

3) A. H. Zewall, “Filming the Invisible in 4D,” Sci. Am. 303, 74 (2010).

4) A. H. Zewail and J. M. Thomas, “4D Electron Microscopy: Imaging in Space and
Time,” Imperial College Press, London (2010).

5) J. S. Baskin and A. H. Zewalil, “Seeing in 4D with Electrons: Development of
Ultrafast Electron Microscopy at Caltech,” Compt. Rend. Phys. 15, 176 (2014).

6) A. H. Zewalil, “4D Visualization of Matter,” Imperial College Press, London (2014).

Changes in Research Objectives, if any: None.

Change in AFOSR Program Manager, if any: None.

Extensions granted or milestones slipped, if any: None.

DISTRIBUTION A: Distribution approved for public release



AFOSR Deliverables Submission Survey

Response 1D:4788

1. Report Type
Final Report

Primary Contact E-mail
Contact email if there is a problem with the report.

dlewis@caltech.edu

Primary Contact Phone Number
Contact phone number if there is a problem with the report

626-395-2611

Organization / Institution name

California Institute of Technology (Caltech)

Grant/Contract Title
The full title of the funded effort.

Imaging Under Extreme Conditions.

Grant/Contract Number
AFOSR assigned control number. It must begin with "FA9550" or "F49620" or "FA2386".

FA9550-11-1-0055

Principal Investigator Name
The full name of the principal investigator on the grant or contract.

Professor Ahmed H. Zewail

Program Manager
The AFOSR Program Manager currently assigned to the award

Dr. Michael Berman

Reporting Period Start Date
05/15/2011

Reporting Period End Date
05/14/2015

Abstract

The study of materials and their surfaces under extreme conditions is fundamental to their functions and to control of
properties. In order to visualize the changes in the structure, we have advanced ultrafast electron microscopy (and diffraction)
to a new level. The electron pulses typically have an energy of 30 keV for diffraction and 100-200 keV for microscopy,
corresponding to speeds of 33-70% of the speed of light. The atomic-scale resolution is achieved with a time resolution of
femtoseconds, as reported in the publications; attosecond resolution has also been described therein. Such attosecond
electron pulses are significantly shorter than those achievable with extreme UV light sources near 25 nm (~50 eV) and have
the potential for applications in the visualization of ultrafast electron dynamics.

A number of variant techniques of 4D Ultrafast Electron Microscopy (UEM) imaging have been reported including 4D
DISTRIBUTION A: Distribution approved for public release



tomography, sub-particle imaging, electron energy-loss spectroscopy, and photon-induced near-field microscopy, the PINEM
effect. Publications of research at Caltech were reported in Science, Nature, JACS, JPC, ChemPhysChem, PNAS, Nano Lett,,
and Angewandte Chemie.

The applications of 4D UEM (and diffraction) are numerous, and we have successfully reported, using direct imaging, the
atomic-scale of molecular nanocrystals, the phase transition in metal-insulator transitions, the embryonic crystallization
following extreme melting, the discovery of nanogating in quasi-1D materials, and the nature of interface electric fields for free
nanoparticles and nanoparticles on surfaces. We also reported on the theoretical foundation for the phenomena, and
research continues in these new directions. Recent highlights are published as overviews and reviews in Science (Review),
Accounts of Chemical Research (Review), Scientific American, and in a book.

Distribution Statement
This is block 12 on the SF298 form.

Distribution A - Approved for Public Release

Explanation for Distribution Statement
If this is not approved for public release, please provide a short explanation. E.g., contains proprietary information.

SF298 Form
Please attach your SF298 form. A blank SF298 can be found here. Please do not password protect or secure the PDF The maximum file size
for an SF298 is 50MB.

SF298_ Form_22Jul15.pdf

Upload the Report Document. File must be a PDF. Please do not password protect or secure the PDF . The maximum file
size for the Report Document is 50MB.

AFOSR_FinalRpt_Zewail_Due14Aug15.pdf
Upload a Report Document, if any. The maximum file size for the Report Document is 50MB.

Archival Publications (published) during reporting period:

1) A. Yurtsever and A. H. Zewail, "Kikuchi Ultrafast Nanodiffraction in Four-Dimensional Electron Microscopy," Proc. Natl.
Acad. Sci. U.S.A. 108, 3152 (2011).

2) S.T. Park, D. J. Flannigan, and A. H. Zewail, "lIrreversible Chemical Reactions Visualized in Space and Time with 4D
Electron Microscopy,"J. Am. Chem. Soc. 133, 1730 (2011).

3) O-H. Kwon, V. Ortalan, and A. H. Zewail, "Macromolecular Structural Dynamics Visualized by Pulsed Dose Control in 4D
Electron Microscopy," Proc. Natl. Acad. Sci. U.S.A. 108, 6026 (2011).

4) J. S. Baskin, H. S. Park, and A. H. Zewail, "Nanomusical Systems Visualized and Controlled in 4D Electron Microscopy,"
Nano Lett. 11,2138 (2011).

5) S. Schafer, W. Liang, and A. H. Zewail, "Primary Structural Dynamics in Graphite," New J. Phys. 13, 063030 (2011).

6) O. F. Mohammed, D.-S. Yang, S. K. Pal, and A. H. Zewail, "4D Scanning Ultrafast Electron Microscopy: Visualization of
Materials Surface Dynamics," J. Am. Chem. Soc. 133, 7708 (2011).

7) V. Ortalan and A. H. Zewail, "4D Scanning Transmission Ultrafast Electron Microscopy: Single-Particle Imaging and
Spectroscopy," J. Am. Chem. Soc. 133, 10732 (2011).

8) S. Schafer, W. Liang, and A. H. Zewail, "Structural Dynamics of Nanoscale Gold by Ultrafast Electron Crystallography,”
Chem. Phys. Lett. 515,278 (2011).

9) S. Schafer, W. Liang, and A. H. Zewail, "Structural Dynamics of Surfaces by Ultrafast Electron Crystallography:
Experimental and Multiple Scattering Theory," J. Chem. Phys. 135,214201 (2011).

10) S. T. Park and A. H. Zewail, "Enhancing Image Contrast and Slicing Electron Pulses in 4D Near Field Electron
Microscopy," Chem. Phys. Lett. 521, 1 (2012).

11) A. Yurtsever, R. van der Veen, and A. H. Zewail, "Sub-particle Ultrafast Spectrum Imaging in Electron Microscopy,"
Science 335, 59 (2012).

12) R. M. van der Veen, O-H. Kwon, A. Tissot, A. Hauser, and A. H. Zewalil, "Single-Nanoparticle Phase Transitions Visualized

by Four-Dimensional Electron Microscopy,"” Nature Chem. 5, 395 (2013).
DISTRIBUTION A: Distribution approved for public release



13) R. M. van der Veen, A. Tissot, A. Hauser, and A. H. Zewail, "Unusual Molecular Material Formed Through Irreversible
Transformation and Revealed by 4D Electron Microscopy," Phys. Chem. Chem. Phys. 15,7831 (2013).

14) S. T. Park, A. Yurtsever, J. S. Baskin, and A. H. Zewalil, "Graphene-Layered Steps and their Fields Visualized by 4D
Electron Microscopy," Proc. Natl. Acad. Sci. U.S.A. 110, 9277 (2013).

15) H. Liu, O-H. Kwon, J. Tang, and A. H. Zewail, "4D Imaging and Diffraction Dynamics of Single-Particle Phase Transition in
Heterogeneous Ensembles," Nano Lett. 14,946 (2014).

16) S. T. Park and A. H. Zewail, "Photon-Induced Near-Field Electron Microscopy: Mathematical Formulation of the Relation
Between the Experimental Observables and the Optically Driven Charge Density of Nanoparticles," Phys. Rev. A 89, 013851
(2014).

17) W. Liang, G. M. Vanacore, and A. H. Zewail, "Observing (Non)Linear Lattice Dynamics in Graphene by Ultrafast Kikuchi
Diffraction," Proc. Natl. Acad. Sci. U.S.A. 111,5491 (2014).

18) U. Lorenz and A. H. Zewail, "Observing Liquid Flow in Nanotubes," Science 344, 1496 (2014).

19) E. Najafi, T. D. Scarborough, J. Tang, A. H. Zewalil, "Four-Dimensional Imaging of Carrier Interface Dynamics in p-n
Junctions," Science 347, 164 (2015).

Some Recent Reviews & Books:

1) A. H. Zewail, "Dreaming the Future," Chem. Eng. News 89, 17 (2011); The Priestley Medal Address.

2) A. H. Zewail, "4D Electron Microscopy," Science (Review) 328, 187 (2010).

3) A. H. Zewail, "Filming the Invisible in 4D," Sci. Am. 303, 74 (2010).

4) A. H. Zewail and J. M. Thomas, "4D Electron Microscopy: Imaging in Space and Time," Imperial College Press, London
(2010).

5) J. S. Baskin and A. H. Zewail, "Seeing in 4D with Electrons: Development of Ultrafast Electron Microscopy at Caltech,"
Compt. Rend. Phys. 15,176 (2014).

6) A. H. Zewail, "4D Visualization of Matter," Imperial College Press, London (2014).

Changes in research objectives (if any):

None.

Change in AFOSR Program Manager, if any:

None.

Extensions granted or milestones slipped, if any:

None.
AFOSR LRIR Number
LRIR Title
Reporting Period
Laboratory Task Manager
Program Officer
Research Objectives
Technical Summary

Funding Summary by Cost Category (by FY, $K)

DISTRIBUTION A: Distribution approved for public release



Starting FY FY+1 FY+2

Salary
Equipment/Facilities
Supplies
Total
Report Document
Report Document - Text Analysis

Report Document - Text Analysis

Appendix Documents

2. Thank You

E-mail user

Jul 22,2015 14:45:13 Success: Email Sent to: dlewis@caltech.edu

Response ID: 4788

Survey Submitted: Jul 22,2015 2:45 PM

IP Address: 131.215.21.76

Language: English (en-us)

User Agent: Mozilla/5.0 (Macintosh; Intel Mac OS X 10_9_5) AppleWebKit/600.7.12 (KHTML, like Gecko)

Version/7.1.7 Safari/537.85.16

Http Referrer: http //www.wpafb.af.mil/library/factsheets/factsheet.asp?id=9389
Page Path: 1:(SKU: 1)
1:(SKU: 1)

2 :Thank You (SKU: 2)

SessionlID: 1437500386_55ae83e€2945783.07825672

Response Location

Country: United States
Region: CA

City: Pasadena
Postal Code: 91125

DISTRIBUTION A: Distribution approved for public release



Long & Lat: Lat: 33.786598205566, Long:-118.29869842529

DISTRIBUTION A: Distribution approved for public release



	DTIC_Title_Page_-_Imaging_Under_Extreme_Conditions[1]
	FA9550-11-1-0055 - SF298_Form_22Jul15
	FA9550-11-1-0055 - FinalRpt_Zewail_Due14Aug15
	FA9550-11-1-0055 - survey[363557]response[4788]



